Introduction
============

Despite a growing body of literature implicating impaired cellular plasticity within limbic brain regions in depression, little is known about the exact mechanisms that underlie these dysfunctions. Within the basolateral amygdala (BLA), stress results in considerable neuroplastic adaptation; animal studies have consistently reported that dendritic arborization and spine density are increased in principal neurons following chronic stressors,^[@bib1],\ [@bib2],\ [@bib3]^ whereas acute stress results in delayed increases in spine density in the absence of dendritic remodelling, or in combination with dendritic retraction.^[@bib4],\ [@bib5],\ [@bib6]^ These morphological changes, in turn, underlie stress-induced behavioural adaptations including increased anxiety, which can be blocked by experimental manipulations that inhibit structural plasticity in the BLA.^[@bib7]^ Thus, in general, stress is marked by adaptive neuronal remodelling in the BLA and anxiety-like behaviour. However, under certain pathological conditions, the positive association between the amount of structural plasticity that occurs in the BLA in response to stress, and the extent to which the organism\'s behaviour is affected by that stress, is not maintained. Instead, negative outcomes are associated with an absence of structural remodelling.^[@bib5],\ [@bib8]^

Neurotrophins have long been recognized as key mediators of structural plasticity, and a large number of studies support their role in depression and as candidate targets for effective pharmacological intervention.^[@bib9]^ Yet, with the exception of brain-derived neurotrophic factor, few investigations into how these molecules are regulated in the depressed human brain have been published. Among these, glial cell line-derived neurotrophic factor (GDNF) signalling has, until recently, been explored principally in the context of Parkinson\'s Disease. However, a growing body of work suggests that GDNF may also have a crucial role in affective regulation. Depression has been associated with reduced blood and plasma expression of GDNF in adolescents,^[@bib10]^ adults^[@bib11],\ [@bib12],\ [@bib13]^ and the elderly,^[@bib13],\ [@bib14]^ whereas treatment with pharmacological antidepressants^[@bib15]^ or electroconvulsive therapy^[@bib16]^ increase its expression. To the best of our knowledge, no study of the effects of antidepressants on GDNF levels in the human brain has been completed but, in rodents, interventions that reduce depressive symptoms also enhance central GDNF expression.^[@bib17],\ [@bib18]^ Genetic and epigenetic contributions to GDNF functioning in depression, and following stress or antidepressant treatment, likewise support the idea that central GDNF signalling regulates affect in both rodents^[@bib19]^ and humans.^[@bib20],\ [@bib21]^ Taken together, these data suggest that, as in the periphery, the regulation of central GDNF signalling is likely impaired in depression. What these deficits may mean for neuronal function, however, remains unclear.

The downstream effects of GDNF signalling are regulated through the expression of the ligand itself, as well as by GDNF\'s interactions with its targets.^[@bib22],\ [@bib23]^ GDNF\'s principal receptor, the GDNF family receptor alpha 1 (GFRα1), exists in both a free-floating, soluble form as well as in an insoluble form that is anchored to the lipid membrane of cells by a glycosylphosphatidylinositol (GPI) link. As a result, activation of GPI-anchored GFRα1 induces signalling within the cell to which it is bound (*cis* signalling), whereas soluble GFRα1 released into the extracellular space may act upon neighbouring cells (*trans* signalling). As GFRα1 possesses no transmembrane domain, intracellular signalling by the GDNF/GFRα1 complex is induced via recruitment of one of two co-receptors: REarranged during Transfection (RET) or intracellular domain-containing isoforms of neural cell adhesion molecule (NCAM). Although there is some overlap in the effectors used by RET and NCAM, and both have been shown to induce mitogen-activated protein kinase (MAPK) and Akt activity, these receptors mediate different cellular processes and have distinct effects on structural plasticity in different cell populations.^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26]^

The goal of the present study was to explore whether expression of GDNF signalling molecules is altered in the BLA of individuals suffering from depression, and if so, identify both the upstream regulators and downstream effects of these changes.

Materials and methods
=====================

Human brain samples
-------------------

Informed written consent was acquired from next of kin for all subjects included in this study, and all work was conducted with the approval of the Douglas Hospital Research Ethics Board. Frozen postmortem BLA samples from individuals having died by suicide during a major depressive episode (depressed subjects; *n*=16) and age- and gender-matched, psychiatrically healthy, sudden-death controls (CTRL; *n*=21) were provided by the Suicide section of the Douglas-Bell Canada Brain Bank ([www.douglasbrainbank.ca](http://www.douglasbrainbank.ca); [Table 1](#tbl1){ref-type="table"}). Whenever possible, microRNA, messenger RNA (mRNA) and protein were collected from each subject ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). For additional information on human brain samples, see [Supplementary Materials](#sup1){ref-type="supplementary-material"}.

Quantitative real-time PCR
--------------------------

For details regarding total RNA isolation, see [Supplementary Materials](#sup1){ref-type="supplementary-material"}. For mRNA, quantitative real-time PCR (qRT-PCR) samples were run in quadruplicate or quintuplicate using either TaqMan or SYBR/IDT probes (Integrated DNA Technologies, Coralville, IA, USA). MicroRNA expression was assessed using TaqMan probes, with samples run in quadruplicate (see [Supplementary Table 2](#sup1){ref-type="supplementary-material"} for a complete list of primers used). PCRs were run using the ABI 7900HT Fast Real-Time PCR System, and data analysed with the Sequence Detection System software (Applied Biosystems, Burlington, ON, Canada). RNA expression levels were determined using the Absolute Quantitation standard curve method, with GAPDH and RNU6B as previously validated endogenous controls.^[@bib27]^

Immunoblotting
--------------

For details regarding total protein isolation and immunoblotting, see [Supplementary Materials](#sup1){ref-type="supplementary-material"}. Protein samples were resolved through SDS-polyacrylamide gel electrophoresis and membranes probed for proteins of interest (see [Supplementary Table 3](#sup1){ref-type="supplementary-material"} for a complete list of antibodies used). Signals were revealed with ECL against film and protein quantity expressed as the optical density of target bands/β-actin.

Immunohistochemistry
--------------------

Three uncharacterized fresh-fixed BLA samples were provided by the Suicide section of the Douglas-Bell Canada Brain Bank for qualitative immunohistochemistry. For details, see [Supplementary Materials](#sup1){ref-type="supplementary-material"}.

MicroRNA target prediction analysis and validation
--------------------------------------------------

Candidate microRNAs capable of binding GFRA1 mRNA were identified using five microRNA target prediction databases: miRWalk, microRNA.org, RNA22, RNA Hybrid and TargetScan.^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ Only microRNAs predicted to bind GFRA1 by at least three of five databases and confirmed to be expressed in human brain as previously described^[@bib27],\ [@bib33]^ were selected for validation using qRT-PCR.

MicroRNA transfections
----------------------

For details regarding human neural progenitor cell (NPC) growth, maintenance and transfection, see [Supplementary Materials](#sup1){ref-type="supplementary-material"}. NPCs were transfected with a miR-511 mimic using HiPerFect transfection reagent and collected either 48 h, 72 h or 1 week later.

GDNF administration
-------------------

Seventy-two hours following transfection, human NPCs were administered either 1 ng ml^−1^ or 50 nm ml^−1^ of GDNF (PeproTech, Dollard des Ormeaux, QC, Canada). GDNF was added either directly to existing media (for studies of GDNF signalling in *cis*+*trans*), or diluted in fresh media (for studies of GDNF signalling in *cis*). In the latter case, the old media was removed from wells immediately beforehand, and cells briefly rinsed with phosphate-buffered saline warmed to 37 °C before the addition of the new, GDNF-containing media. After either 5 or 60 min, media were removed from wells and cells rinsed with phosphate-buffered saline warmed to 37°C before collection.

Statistical analyses
--------------------

Statistical analyses were performed using PASW Statistics 18 (Statistical Product and Service Solutions, Chicago, IL, USA) and GraphPad Prism v. 6.0 (GraphPad Software, La Jolla, CA, USA). Graphs were produced using GraphPad Prism v. 6.0 and all measures are expressed as mean±s.e.m. Shapiro Wilk and Levene\'s tests were employed to assess data normality and equality of variance, and outlier detection was completed using the 1.5 interquartile range method. Student\'s *t*-tests were used for two-group comparisons unless data were found to be nonparametric, in which case Mann--Whitney *U*-tests were used. For comparisons between three or more groups, data were assessed using one- and two-way analyses of variance followed by Bonferroni\'s *post hoc* tests, and *P*-values on graphs reflect significance of *post hoc* tests. All correlations are pairwise.

Results
=======

Protein and gene expression of GDNF signalling molecules in the BLA of depressed subjects
-----------------------------------------------------------------------------------------

Our initial examination of the protein expression of GDNF, GFRα1, NCAM and RET revealed decreased expression of GFRα1 in the BLA of depressed subjects ([Figures 1a--d](#fig1){ref-type="fig"}). However, when various isoforms of the GFRA1 gene were assessed, no difference in the mRNA expression of total GFRA1, truncated GFRA1 or combined full-length GFRA1 receptors was observed ([Figures 1e--g](#fig1){ref-type="fig"}), nor did GFRA1 mRNA expression correlate with protein levels ([Figure 1h](#fig1){ref-type="fig"}).

The human GFRA1 gene encodes two full-length isoforms: GFRα1a, which possesses an additional 15 bp exon (exon 5), and GFRα1b. GFRα1a and b were expressed at a ratio of \~1 to 2 in the human BLA ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Aside from coding regions, these splice variants are believed to display considerable heterogeneity in 3′-UTR length; Ensembl ([www.ensembl.org](http://www.ensembl.org)) estimates range from 634 to 7465 bp ([Figure 1i](#fig1){ref-type="fig"}). qRT-PCR using primers designed to target the 3′ end of transcripts containing the long, 7465 bp 3′-UTR (hereafter called GFRA1-L) revealed decreased expression of this transcript in the BLA of depressed subjects ([Figure 1j](#fig1){ref-type="fig"}), and mRNA levels of GFRA1-L correlated positively with GFRα1 protein ([Figure 1k](#fig1){ref-type="fig"}). Immunohistochemical localization of GFRα1 revealed that the receptor was expressed solely by neurons. GFRα1 receptors appeared to be localized primarily on the soma and proximal dendrites on cells displaying both pyramidal and aspinious/stellate morphology ([Figure 1l](#fig1){ref-type="fig"}).

MicroRNA regulation of GFRA1-L in human BLA
-------------------------------------------

Given that expression of mRNAs possessing shorter 3′-UTRs was spared in depressed subjects, we hypothesized that GFRA1-L\'s much longer 3′-UTR might provide additional opportunity for microRNAs to bind to this transcript and downregulate its expression. Using open source target prediction applications^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ to identify candidate microRNAs that might bind to GFRA1-L, and following an initial screening to confirm their expression in human brain tissue,^[@bib27],\ [@bib33]^ expression of miR-875-5p, miR-511 and miR-340 was assessed in the BLA using qRT-PCR. Although miR-875-5p was undetectable in the human BLA, depressed subjects displayed significantly increased miR-511 levels and a strong tendency toward increased miR-340 expression as compared with controls ([Figures 2a and b](#fig2){ref-type="fig"}). Furthermore, miR-340 and -511 correlated positively and with one another, and negatively with GFRα1 protein levels ([Figures 2c--e](#fig2){ref-type="fig"}).

miR-511 regulation of GFRα1a/GFRA1-L in human NPCs
--------------------------------------------------

*In silico* predictions of miR-511 binding to GFRA1-L\'s 3′-UTR include up to 10 potential binding regions (BR).^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ To test whether miR-511 was sufficient to specifically reduce GFRA1-L expression, human NPCs were transfected with a miR-511 mimic. qRT-PCR using three primer sets (called BR1, BR8/9 and BR10) that overlap selected miR-511 BRs were then used to quantify gene expression. BR1 primers were designed to amplify a low-affinity, 6mer site with folding energy of \<−20 kcal mol^−1^ that is present on GFRA1-L as well as other GFRA1 transcripts. BR8/9 (comprising two predicted BRs including one \<−20 kcal mol^−1^, 7mer-m8 site) and BR10 (\<−30 kcal mol^−1^, 8mer site) are high-affinity BRs unique to GFRA1-L ([Figure 2f](#fig2){ref-type="fig"}). MiR-511 transfection reduced expression of BR8/9 and BR10-containing mRNAs, whereas BR1 expression was unchanged ([Figures 2h--j](#fig2){ref-type="fig"}), suggesting that miR-511 specifically repressed expression of GFRA1-L, while leaving expression of GFRα1b-producing mRNAs intact. To confirm that reduced expression of GFRA1-L did indeed reflect downregulation of GFRα1a transcription, we next assessed expression of the GFRα1a-specific exon 5. GFRα1a exon 5 mRNA was significantly reduced in miR-511 transfected cells ([Figure 2g](#fig2){ref-type="fig"}), and correlated positively with BR8/9 and BR10 expression levels ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). These data support the hypothesis that increased expression of miR-511 results in a selective repression of GFRA1-L mRNA and GFRα1a protein.

Association between GFRα1a expression and doublecortin expression in the human BLA
----------------------------------------------------------------------------------

Few studies have examined the role of isoform-specific GFRα1 signalling, but evidence suggests that GFRα1a and GFRα1b elicit different downstream effects and have opposing roles in certain aspects of structural plasticity.^[@bib34],\ [@bib35]^ Although GFRα1a has been shown to enhance neurite outgrowth in stably transfected neuro2D cells exposed to GDNF, co-transfection with GFRα1b inhibits this process.^[@bib35]^ These findings suggest that reduced expression of GFRA1-L/GFRα1a in the human BLA may be associated with, or even contribute to, reductions in neuroplasticity.

Doublecortin (DCX) is a microtubule-associated neuroplastic protein expressed both by neuroblasts and by neurons born during early development that retain an immature/hyperplastic phenotype and which appear to function similarly to new, adult-born neurons in brain regions that do not retain neurogenic capacity throughout life.^[@bib36],\ [@bib37],\ [@bib38]^ Previous data from our lab suggest that BLA expression of DCX is altered in depression, and that reduced expression of this protein may be associated with worse outcomes among depressed individuals.^[@bib8]^ When DCX levels were re-assessed in tandem with GFRα1 protein expression in the human BLA, we found that these two molecules correlated significantly and positively with one another (*R*^2^=0.407, *P*=0.001; [Figure 3a](#fig3){ref-type="fig"}). This correlation was maintained when control subjects were examined in isolation (*R*^2^=0.577, *P*=0.004), but was absent in depressed individuals (*R*^2^=0.042, *P*=0.569; [Figures 3b and c](#fig3){ref-type="fig"}). Similarly, higher DCX expression was correlated with elevated mRNA expression of the GFRA1-L transcript overall (*R*^2^=0.273, *P*=0.038) as well as in the control group (*R*^2^=0.479, *P*=0.057), but not among depressed subjects ([Figures 3d and e](#fig3){ref-type="fig"}). The same pattern of positive reciprocal associations were found among controls in all pairwise comparisons of the following: DCX protein, GFRα1 protein, GFRA1-L mRNA and even BR1-containing GFRA1 transcripts ([Figure 3k](#fig3){ref-type="fig"}). They disappeared altogether among depressed subjects, however. The only significant association detected among depressed subjects was a strongly negative correlation between DCX and non-GFRA1-L BR1-containing transcripts (*R*^2^=0.808, *P*=0.015; [Figures 3i--l](#fig3){ref-type="fig"}). Importantly, these associations did not appear to be mediated by a direct interaction between DCX and miR-511, as miR-511 levels did not correlate with DCX among depressed subjects, nor was 1 week of miR-511 transfection sufficient to decrease DCX expression *in vitro* ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

Effect of miR-511-mediated GFRα1a knockdown on GDNF signalling: gene transcription
----------------------------------------------------------------------------------

To assess how miR-511-mediated GFRA1-L/GFRα1a reduction affected gene transcription *in vitro*, NPCs were administered GDNF 72 h after miR-511 transfection and the expression of immediate early genes responsive to GDNF^[@bib15]^ measured using qRT-PCR. In control cells, administration of 1 ng ml^−1^ and 50 ng ml^−1^ of GDNF resulted in increasing Fos expression ([Figure 4a](#fig4){ref-type="fig"}). Early growth response 1 and 2 (Egr1/2) expression was likewise elevated following 1 ng ml^−1^ GDNF, but did not increase further at higher ligand dosages ([Figures 4b and c](#fig4){ref-type="fig"}). MiR-511-transfected NPCs, on the other hand, displayed roughly twofold greater induction of Fos following 1 ng ml^−1^ GDNF administration than did control cells ([Figure 4a](#fig4){ref-type="fig"}), and 1.5-fold greater induction following 50 ng ml^−1^. Fos expression correlated negatively with the ratio of GFRα1a to GFRα1b expressed by NPCs ([Supplementary Figure 5a](#sup1){ref-type="supplementary-material"}). Conversely, Egr1 and Egr2 did not correlate with GFRα1 expression and remained comparable in both groups, although miR-511-transfected NPCs displayed higher baseline Egr2 activity ([Figures 4b and c](#fig4){ref-type="fig"}; [Supplementary Figure 5b and c](#sup1){ref-type="supplementary-material"}). These data reveal that the capacity of GDNF to induce activation of immediate early genes is not globally suppressed by knockdown of GFRA1-L/GFRα1a, as would be expected by a simple reduction in the number of receptors available for ligand binding. Instead, microRNA-mediated reductions of GFRα1a appear to enhance signalling in a subset of downstream pathways, suggesting that GDNF signalling is qualitatively, rather than quantitatively, altered by miR-511 overexpression.

Effect of miR-511-mediated GFRα1a knockdown on GDNF signalling: Akt and MAPK activity
-------------------------------------------------------------------------------------

Although we cannot clearly identify the extent and distribution of soluble GFRα1 in the human BLA, immunohistochemical localization of membrane-bound GFRα1 revealed that its expression was neuron-specific ([Figure 1l](#fig1){ref-type="fig"}). RET was expressed only by astrocytes, however (data not shown). Neuronal GDNF signalling in the human BLA is therefore likely mediated by the ubiquitously expressed NCAM molecule, which functions as a co-receptor in both polysialylated and unsialylated forms^[@bib39],\ [@bib40]^ ([Supplementary Figure 5a](#sup1){ref-type="supplementary-material"}). Screening of human NPCs revealed that, as with human BLA neurons, these cells expressed NCAM, but not RET ([Supplementary Figure 5b](#sup1){ref-type="supplementary-material"}).

To investigate which signalling pathways are affected by microRNA-mediated decreases in GFRA1-L/GFRα1a expression, NCAM+/RET− NPCs were transfected with a miR-511 mimic and exposed to 1 ng ml^−1^ GDNF. MAPK and Akt activity was then assessed either 5 or 60 min later. Because little is known regarding how GPI-anchored GFRα1/NCAM and soluble GFRα1/NCAM signalling differ, we additionally explored how GDNF signalling in the presence (in *cis* and *trans*) and absence (in *cis*) of soluble GFRα1 might be altered by miR-511 transfection. Thus, GDNF was either added directly into the existing media, or added to fresh media, which was then added to the NPC wells after the old media were removed. ([Figure 4d](#fig4){ref-type="fig"}).

In the absence of soluble GFRα1, GDNF administration doubled phospho-Akt expression by 60 min post-GDNF in both groups ([Figure 4e](#fig4){ref-type="fig"}), but had no effect on MAPK activation. Conversely, in the presence of soluble GFRα1, GDNF had no impact on Akt activity. Instead, MAPK phosphorylation transiently increased 11-fold in control cells, and over 17-fold in miR-511-transfected cells ([Figure 4f](#fig4){ref-type="fig"}). Substituting the cell culture media of untransfected cells with media removed from miR-511-transfected NPCs immediately before GDNF administration---in essence, replacing the control cells\'s normal complement of soluble GFRα1 receptors with those produced by miR-511-expressing cells---resulted in a slight but nonsignificant increase in MAPK activity in control cells ([Figure 4g](#fig4){ref-type="fig"}). However, rescue of soluble GFRα1a levels by substituting the media of miR-511-transfected NPCs with control media before GDNF administration abolished GDNF-induced MAPK overactivity ([Figure 4g](#fig4){ref-type="fig"}). These data indicate that miR-511-mediated knockdown of GFRA1-L/GFRα1a greatly enhances MAPK signalling in response to GDNF while exerting minimal effects on Akt activity. Moreover, changes in MAPK signalling appear to be mediated principally by soluble GDNF/GFRα1a/NCAM interactions, whereas maintenance of membrane-bound GFRα1a exerts a protective effect.

Discussion
==========

To the best of our knowledge this is the first assessment of GDNF signalling and regulation in the depressed human brain. Unlike in the periphery, where depression has been associated with altered expression of GDNF,^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14]^ we found no change in BLA GDNF levels. Rather, our study revealed that a specific isoform of the GFRA1 gene encoding the GFRα1a receptor is downregulated in depression. Our data further suggest that this repression is mediated by microRNAs, including miR-511, which are capable of specifically targeting GFRA1-L/GFRα1a transcripts while leaving expression of GFRα1b intact. By reducing the ratio of GFRα1a to GFRα1b MAPK, but not Akt, activity was greatly enhanced in NPCs via GDNF/soluble GFRα1/NCAM binding.

Although the means by which reducing the GFRα1a to b ratio facilitates rapid MAPK signalling in NPCs remain unclear, GDNF\'s differential affinity for the two GFRα1 isoforms represents a strong candidate mechanism. GDNF has been shown to display greater affinity for GFRα1b than it does for GFRα1a and, as a result, GDNF/GFRα1 complexes are more likely to lead to RET phosphorylation at lower ligand concentrations.^[@bib34]^ Even modest reductions in GFRα1a expression may therefore considerably enhance GDNF/GFRα1b binding when GDNF is scarce enough to ensure receptor competition. Importantly, we only observed changes in GDNF-induced MAPK activity when signalling occurred in both *cis* and *trans*; *cis*-only GDNF/GFRα1 signalling elicited Akt phosphorylation, but no MAPK induction in our human NPC model. Although we cannot exclude the possibility that this effect is mediated by GFRα1\'s interaction with NCAM molecules located within different membrane subdomains (for example, within versus outside of lipid rafts^[@bib41],\ [@bib42]^), an alternate explanation is that a certain minimum threshold of activation is required to induce MAPK signalling, and that this was achieved when soluble GFRα1 receptors were retained. Soluble GFRα1 titration experiments would clarify whether it is receptor number, or location, that determines the extent to which soluble GFRα1/NCAM induces MAPK activity.

Increasing GFRα1b signalling by decreasing GFRα1a expression likely does more than modulate the gain of GDNF. It probably also changes the message. In addition to differences in their capacity to bind GDNF, the GFRα1 isoforms are functionally distinct. They induce divergent patterns of gene expression when stimulated and, at least in stably transfected Neur2D cells, have opposing effects on structural plasticity, either facilitating (GFRα1a) or inhibiting (GFRα1b) neurite outgrowth.^[@bib35],\ [@bib43]^ Although our investigation did not extend to a detailed characterization of the effects of GFRα1a knockdown on structural plasticity in NPCs, our correlational data from postmortem human brain suggest a similar dissociation between GFRα1 isoforms insofar as they relate to another measure of neuroplasticity. Among psychiatrically healthy individuals, both GFRα1a and b correlated positively with one another, as well as with BLA expression of the neuroplastic protein DCX. Conversely, depression was associated with a complete disruption of GFRA1 isoform co-expression and a strongly negative relationship between BR1-containing GFRA1 mRNAs and DCX levels. Whether this association reflects a direct, causal relationship between changes in GDNF signalling and DCX expression remains to be seen. Regardless, identifying the precise effects of decreased GFRα1a to b ratio on neuronal gene expression will be crucial to understanding the ramifications of the changes reported here.

Careful consideration must also be given to how changes in cells\' interpretation of GDNF signalling may interact with changes in GDNF levels themselves. The efficacy of many antidepressants appears to rely, at least in part, on their ability to enhance neuroplasticity, and many achieve this by upregulating expression of neurotrophins.^[@bib44],\ [@bib45]^ In doing so, antidepressant treatment may overcome the altered GFRα1a:GFRα1b ratio by increasing GDNF levels to the point that receptor competition is sufficiently reduced to normalize the relative amount of GFRα1a to b signalling. To completely reverse the effects of reduced GFRα1a expression, however, this approach would likely require increasing neurotrophin levels well beyond normal physiological levels; although we were able to reduce the differences in *fos* induction between miR-511 and control cells with a 50-fold increase in GDNF dosage, the groups remained statistically different. Long-term elevations in neurotrophin expression also have the potential to increase susceptibility to other maladaptive behavioural outcomes.^[@bib46]^ By contrast, when we replaced the soluble GFRα1 receptors of miR-511-transfected cells with those from control NPCs, MAPK activity was immediately and completely rescued without the need to increase GDNF levels. Elevating GFRα1a expression itself may therefore prove an alternate, and more efficient, means of normalizing GDNF signalling.

The present investigation has several limitations which will need to be addressed by future studies to clarify our findings. Human postmortem data is, by nature, correlational, and limited sample sizes combined with the large number of comparisons made during the course of this study necessitates confirmation by replication. As a result, the precise relationship between increased miR-511, decreased GFRα1a levels, and DCX expression in the human BLA remains unclear. Although the use of *in vitro* models can provide insight into the potential ramifications of reduced GFRα1a expression, the NPCs used here were less mature and more isolated than neurons in the adult human brain. They are therefore both unlikely to perfectly recapitulate changes in BLA neuron function, and unable to inform us on the effects of GFRα1a on other cell populations (for example, astrocytes, which express the GFRα1 co-receptor RET, represent a principal source of GDNF and may be affected by altered soluble GFRα1 levels). Finally, although it is unlikely that miR-511 would have a comparable effect in rodent models due to species differences in the composition of the GFRA1 3\'-UTR (which does not appear to vary between GFRα1a- and b-coding isoforms in mice), animal models may nonetheless be helpful in assessing how reduced neuronal GDNF/soluble GFRα1a/NCAM signalling affect behaviour.

In conclusion, the present study reveals depression-related changes in central GDNF signalling. In the BLA, these appear to be mediated by microRNAs, including miR-511, which can qualitatively alter neuronal responses to GDNF by regulating GFRα1a expression independently of GFRα1b. Altered GFRα1a to GFRα1b ratio is associated with greatly enhanced MAPK signalling and, in the human brain, with a reversal of the relationship between GFRα1 and DCX expression. Taken together, our data support a role for GDNF in depression, and highlight the importance of isoform-specific GFRα1 receptor regulation in shaping neuronal responses to this neurotrophin.
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![Expression of GDNF signalling molecules in the basolateral amygdala (BLA). Protein expression of (**a**) GDNF, (**b**) GFRα1, (**c**) RET and (**d**) NCAM in the BLA of depressed subjects (DS) and age- and gender-matched psychiatrically healthy controls (CTRL). Quantitative real-time PCR expression of (**e**) pan-GFRA1 mRNA transcripts, (**f**) full-length GFRA1 mRNA and (**g**) truncated GFRA1 mRNA in the BLA. (**h**) Correlation between pan-GFRA1 mRNA expression and BLA protein levels of GFRα1. (**i**) Proportional schematic representation of GFRA1 transcript variants and subclasses. Lighter boxes represent coding exons; dark boxes represent 5′ and 3′ untranslated regions (UTRs). All exons, including UTRs, are sized proportionally. (**j**) Quantitative real-time PCR expression of GFRA1-L/GFRα1a and (**k**) correlation with BLA protein expression of GFRα1 protein. (**l**) Immunohistochemical localization of GFRα1 in the human BLA. Equality of variance was assessed using Levene\'s tests, and group comparisons assessed using two-tailed Student\'s *t*-tests and Mann--Whitney *U*-tests (**a**--**g** and **j**), and Pearson\'s correlations coefficients (**h** and **k**). All biological replicates (*n*) are displayed on graphs along with the group mean±s.e.m. GDNF, glial cell line-derived neurotrophic factor; GFRA1, GDNF family receptor alpha 1 gene; GFRα1, GDNF family receptor alpha 1 protein; mRNA, messenger RNA; NCAM, neural cell adhesion molecule.](tp201511f1){#fig1}

![MicroRNA regulation of specific GFRA1 mRNA variants. Expression of (**a**) miR-511 and (**b**) miR-340 in the basolateral amygdala (BLA) of depressed subjects (DS; *n*=12--13) and matched psychiatrically healthy controls (CTRL; *n*=13--14). (**c**) Correlation between BLA levels of miR-511 and miR-340. (**d**) Correlation between miR-511 and GFRα1 protein expression in the BLA. (**e**) Correlation between miR-340 and GFRα1 protein expression in the BLA. (**f**) Schematic depiction of predicted miR-511 binding regions (BRs) on GFRα1a- and GFRα1b-coding transcripts. BRs with microRNA seed-region complementarity of at least 7mer-m8 (denoting perfect complementarity of bases 2--8) and a predicted folding energy of \<−20 kcal mol^−1^ are shown as striped boxes. BRs with better than 7mer-m8 complementarity and predicted folding energy of \<−30 kcal mol^−1^ are depicted as black boxes. Low-affinity BRs, defined as those possessing less than perfect seed-region complementarity, are depicted as grey boxes. Binding sites for primers designed to target BR1, BR8/9 and BR10 are shown as arrows. (**g**) Protein expression of GFRα1 72 h after transfection (*n*=3). Quantitative real-time PCR expression of (**h**) GFRα1a-specific exon 5, (**i**) BR1, (**j**) GFRα1a-specific BR8/9 and (**k**) GFRα1a-specific BR10 in human neural progenitor cells after 48 h of miR-511-transfection (*n*=7--9). Equality of variance was assessed using Levene\'s tests, and group comparisons assessed using two-tailed Student\'s *t*-tests and Mann--Whitney *U*-tests (**a**, **b** and **g**--**j**) and Pearson\'s correlations coefficients (**c**--**e**). All biological replicates (*n*) are displayed on graphs along with the group mean±s.e.m. GFRA1, glial cell line-derived neurotrophic factor (GDNF) family receptor alpha 1 gene; GFRα1, GDNF family receptor alpha 1 protein.](tp201511f2){#fig2}

![Association between DCX levels and GDNF receptor expression in the human BLA. Correlations between DCX and GFRα1 protein levels in the BLA of (**a**) all subjects, (**b**) controls (CTRL) only and (**c**) depressed subjects (DS) only. Correlations between DCX protein and GFRA1-L mRNA expression in the BLA of (**d**) all subjects, (**e**) in CTRLs and (**f**) in the DS group. Correlations between DCX protein and BR1-containing mRNA expression in the BLA of (**g**) all subjects, (**h**) in CTRLs and (**i**) in the DS group. All pairwise correlations between DCX, GFRα1 protein, GFRA1-L mRNA and BR1-containing mRNA in (**j**) all subjects, (**k**) controls and (**j**) DS subjects. The *R*^2^ value is shown for each comparison, and the statistical significance depicted by color: significant positive correlations (*P*\<0.05) are depicted as dark green boxes, positive statistical trends (*P*\<0.1) are depicted as light green boxes and significant negative correlations are depicted as purple boxes. White boxes denote no significant association between variables. Pearson\'s correlations coefficients were used for all tests. BR, binding region; DCX, doublecortin; GDNF, glial cell line-derived neurotrophic factor; GFRA1, GDNF family receptor alpha 1 gene; GFRα1, GDNF family receptor alpha 1 protein; mRNA, messenger RNA.](tp201511f3){#fig3}

![Effects of miR-511 overexpression on GDNF-induced signalling. Expression of immediate early genes (**a**) Fos (*n*=3--6), (**b**) Egr1 (*n*=3--6) and (**c**) Egr2 (*n*=3--6) in miR-511-transfected human neural progenitor cells (NPCs) after treatment with 1 and 50 ng ml^−1^ GDNF. (**d**) Schematic of methodology used to assess GDNF-induced MAPK and Akt signalling. (**e**) Akt activity following 1 ng ml^−1^ GDNF administration in miR-511-transfected human NPCs. (*n*=4--7) (**f**) MAPK activity following 1 ng ml^−1^ GDNF administration in miR-511-transfected human NPCs (*n*=4--7). (**g**) Rescue of GDNF signalling in miR-511-transfected NPCs. All numerical data are depicted as mean±s.e.m. Group differences were assessed using two-way analysis of variance (ANOVA; **b**--**d**) followed by Tukey\'s and Sidak\'s *post hoc* tests (**b**--**d**). *n* represents biological replicates. GDNF, glial cell line-derived neurotrophic factor; MAPK, mitogen-activated protein kinase.](tp201511f4){#fig4}

###### Brain sample information and clinical characteristics of psychiatrically healthy controls (CTRL) and depressed subjects (DS)

                                              *CTRL (*N=*21)*                                                  *DS (*N=*16)*                                                      P*-value*
  ------------------------------------------- ---------------------------------------------------------------- ----------------------------------------------------------------- -----------
  Sex                                         17 M; 4F                                                         10 M; 6F                                                             0.274
  Age (±s.d.)                                 43.3 (18.83)                                                     41.75 (16.25)                                                        0.790
  PMI (±s.d.)                                 25.05 (15.12)                                                    27.78 (24.92)                                                        0.682
  Brain pH (±s.d.)                            6.49 (0.30)                                                      6.58 (0.27)                                                          0.348
  Axis 1 disorder (*n*)                       Nil (21)                                                         MDD (16)                                                              NA
  Alcohol/drug dependence (*n*)               Alcohol dependence (2)                                           Alcohol dependence (1)                                                  
                                                                                                               Drug dependence (1)                                                   NA
                                                                                                               Alcohol and drug dependence (2)                                         
  Toxicology results at time of death (*n*)   Alcohol (1)                                                      Alcohol (2)                                                             
                                              Diazepam (benzodiazepine) (1)                                    Temazepam (benzodiazepine)+codeine (opiate)+acetaminophen (1)         NA
                                              Oxazepam (benzodiazepine)+sodium thiopenthal (barbiturate) (1)   Venlafaxine (SNRI)+lorazepam (benzodiazepine)+acetaminophen (1)         
                                              Dextromethorphan (1)                                                                                                                     
  Cause of death (*n*)                        Cardiovascular failure (7)                                       Hanging (9)                                                             
                                              Car accident (6)                                                 CO intoxication (2)                                                     
                                              Cancer (3)                                                       CO~2~ intoxication (2)                                                  
                                              Stroke (1)                                                       Intoxication (1)                                                      NA
                                              Accidental hanging (1)                                           Jump from height (1)                                                    
                                              Unknown natural causes (2)                                       Gunshot wound (1)                                                       
                                              Surgical/postoperative complications (1)                                                                                                 

Abbreviations: CO, carbon monoxide; CO~2~, carbon dioxide; MDD, major depressive disorder; NA, not applicable.

Groups were matched for sex, age, postmortem interval (PMI) and brain pH, and did not significantly differ in any of these measures. Two-tailed Student\'s *t*-tests (age, PMI and brain pH) and Fisher\'s tests (sex) were used for group comparisons.
